e investigated the behaviour of red blood cells (RBCs) in a micro-channel with stenosis by using a confocal micro-PIV system. We could successfully measure individual trajectories of RBCs in a concentrated suspension up to 20% hematocrit (Hct). The results show that the trajectories of healthy RBCs become asymmetric before and after the stenosis, though trajectories of tracer particles in pure water are almost symmetric. The asymmetry is larger in a 10% Hct case than in a 20% Hct case. We also investigated the effect of deformability of RBCs on the trajectories by hardening RBCs by glutarardehyde treatment. The results indicate that the deformability is the key factor in the asymmetry of trajectories and the thickness of cell-free layer. We think that the present results give fundamental knowledge for better understanding blood flow in microcirculations.
INTRODUCTION
Blood flow through a stenosed artery has been investigated widely (Berger & Jou, 2000; Ku, 1997; Ishikawa et al., 2000, for instance) , because the fluid dynamics plays an important role in the progress of arteriosclerosis and infarcts. Most of former hemodynamical studies investigated blood flow in a large artery, although occlusion of small arteries is also important. Lacunar infarcts (Fisher, 1965) , for example, are small and deep cerebral infarcts resulting from occlusion of penetrating cerebral arteries, which has the diameter of about 100 m. Since such a small infarct causes a serious damage to brain, it has been investigated intensively (Wardlaw et al., 2003; Wong et al., 2001; Tanaka et al., 1999; Longstreth et al., 1998; Cacciatore et al., 1991) .
In a small artery, say 100 m in diamter, the blood is no longer assumed as a homogeneous fluid, because the size of blood cells cannot be neglected compared to the generated flow field. (The diameter of a red blood cell (RBC) is about 8 m.) In such a case, we need to treat the blood as a multi-phase fluid, and investigate the motion of individual cells in discussing the flow field. Blood may be modelled as a suspension of red blood cells (RBCs) in plasma, because about 99% of volume fraction of blood cells is RBCs. The interaction of RBCs generates micron-scale mixing in the blood flow, which has a significant effect on diffusion of platelets and large molecules (Ahuja et al., 1978) . In our former study, we experimentally investigated the self-diffusion of RBCs in a circular glass tube (Lima et al., 2008b) , and showed that the diffusion was strongly influenced by the flow field.
In order to measure blood flow experimentally, various methods have been employed, such as double-slit photometric (Gaehtgens et al., 1970; Baker et al., 1974) , video microscopy and image analysis (Bugliarello et al. 1963; Goldsmith 1971; Parthasarathi et al., 1999) , laserDoppler anemometer (Einav et al., 1975; Born et al., 1978) , particle-measuring methods (Sugii et al., 2005; Nakano et al., 2003) . These techniques enable us to visualize the flow field, but they are difficult to observe RBCs' behavior inside of the high hematocrit (Hct) blood flow. Because the optical transparency of the RBCs can be very small, even if the flow speed is low. To overcome this problem, we have used a confocal micro-PIV (Particle Image Velocimetry) system (Lima et al., 2006 (Lima et al., , 2007 (Lima et al., , 2008a . This system enables us to visualize the individual RBCs even in the high Hct blood over 10% by exciting the labeled RBCs by the laser in the system.
In this study, we investigate the motion of RBCs in a micro-channel with stenosis by using the confocal micro-PIV system. Faivre et al. (2006) investigated similar phenomena, i.e. blood flow through a micro-channel with narrowing, though their research aimed to develop a microfluidic device for separating RBCs and plasma. They measured trajectories of RBCs with the Hct of up to 3%, which is much less than the physiological condition. In this study, we measure individual trajectories of RBCs around the stenosis under high Hct conditions (up to 20%), where interactions between RBCs become significant. We discuss the effect of Hct on the flow field and cell-free layers. We also discuss the effect of deformability of RBCs on the trajectories by hardening RBCs by glutarardehyde treatment.
METHODS AND MATERIALS

Confocal micro-PIV system
The confocal micro-PIV system used in this study ( Fig.1) is the same as Lima et al. (2006) , so only a brief explanation will be made here. It is consisted of inverted microscope (IX71;Olympus, Tokyo, Japan), confocal scanning system (CSU22;Yokogawa, Tokyo, Japan), high speed camera (Phantom v7.1;Vision Research, NJ, USA), DPSS laser (Laser Quantum, Cheshire, UK), syringe pump (KD Scientific, Holliston, MA, USA) for making constant flow, thermo plate (Tokai Hit, Shizuoka, Japan) for controlling the temperature, and Objective Lens 
Materials
The microchannel is made by polydimethylsiloxane (PDMS) using a soft lithographic technique in the same manner with Lima et al. (2008a) . The microchannel has a square cross section with the side length of 50 m, and the stenosis has 35 m in height and 30 m in width as shown in Fig.2 . The stenosis has 50 m in depth, so the cross section of the channel in the x-y plane does not vary in z-direction.
Four kinds of working fluids were used in this study: ( The RBCs are taken from a male volunteer, who is 23 years old, and they are centrifuged to separete the RBCs and plasma completely. Then, they are preserved at 4 degree before the start of the experiment dispesed in the pure saline. All procedures in this experiment were carried out in compliance with the Ethics Committee on Clinical Investigation of Tohoku University.
Experimantal conditions
Throughout this study, the average velocity is kept at about 0.45 mm/s. Reynolds number based on the average velocity and the side length of the square cross section is about 0.2, which is a typical value of in vivo condition for small arteies with 50 m diameter (cf. Popel and Johnson, 2005) . The micro-channel is surround by adiabatic walls, and the temperature of the channel is maintained at 37 degree Celsius by the thermo plate. The frame rate for the high speed camera is 300 frame per second. We observed the motion of RBCs in the center plane, i.e. 25 m from the bottom.
RESULTS
Flow of pure water
First, we investigated the flow field of pure water. Fluorescent particles are added to the pure water, and they are visualized by the confocal micro-PIV system as shown in Fig.3(a) . The large arrow in the figure indicates the flow direction. The trajectories of tracer particles can be measured by continuously tracking individual particles as shown in Fig.3(b) . We see that the trajectories are almost symmetric between the upstream and the downstream of the stenosis. This result is consistent with the Stokes flow condition, where the streamlines become symmetric if the stenosis shape is symmetric to the y-axis.
Flow of 10% Hct blood with healthy RBCs
Next, we investigated the blood flow. Labelled RBCs in the blood flow with 10% Hct were visualized at the centre plane, i.e. 25 m depth in the z-direction, and a sample of original confocal image is shown in Fig.4(a) . We see that the labelled RBCs are clearly visualized. The trajectories of individual RBCs can be measured by continuously tracking them, and the results are shown in Fig.4(b) . We see that the trajectories of RBCs are no longer symmetric. RBCs initially locating near the lower wall tend to move away from the wall after the stenosis. Such position change in the y-direction is induced by the interaction between the RBC and the stenosis wall. RBCs initially locating near the upper wall, on the other hand, again tend to move away from the wall after the stenosis. This position change in the y-direction is induced by the interaction between the RBC and the upper wall. It is found that the y position of RBCs change considerably in a blood flow through the stenosed micro-channel.
The asymmetry of the trajectories are induced by the deformation of RBCs (this will be confirmed by comparing with the results of hardened RBCs in section 3.4 below). RBCs are deformed by the traction forces generated by the inner-and outer-fluid of the membrane, which is dependent on the history of deformation along the trajectories. Thus, the deformation of a RBC becomes asymmetric before and after the stenosis, even though the flow field is governed by the Stokes equation. This is the reason why trajectories of RBCs show asymmetry before and after the stenosis.
Flow of 20% Hct blood with healthy RBCs
We increased Hct up to 20%, and measured the trajectories labelled RBCs in a blood flow. The results are shown in Fig.5 . We see that the trajectories are not as asymmetric as those of Hct = 10%. In order to discuss this tendency quantitatively, we measured the RBC displacement in the show displacement away from the wall (this time, the sign of Y is negative). These results indicate that the RBCs tend to flow in the core region of the bulk flow after flowing through the stenosis, though RBCs initially located in the core region do not move in the y-direction significantly. In the case of 20% Hct, however, the absolute value of Y is much smaller than that of 10% Hct case. When Hct is high, the interactions between RBCs increase considerably. Thus, the RBCs cannot concentrate in the core region, but pushed away from the high concentrated region due to the interaction. As a result, the displacement of RBCs may be suppressed more in the 20% Hct case. Of course, the dispersion of RBCs due to interaction is increased as Hct is increased, as discussed in Lima et al. (2008b) . But the dispersion is isotropic and does not help RBCs to move in one direction.
Flow of 10% Hct blood with hardened RBCs
Lastly, we investigated the blood flow with hardened RBCs in order to clarify the effect of cell deformability on the blood flow. The RBCs are hardened by glutaraldehyde treatment as explained in section 2.2. Since the hardened RBCs are not labelled by fluorescent dye, we could not track them under the condition of 10% Hct. Instead, we measure the cell-free layer on the upper and lower wall downstream of the stenosis. The RBCs near the wall can be visualized by using normal halogen light, because the concentration of RBCs can be low near the wall and the image of RBCs do not overlap so often. We measure the distance between upper or lower wall and the nearest RBC from the wall at 50, 80 and110 m downstream of the stenosis. By taking average of the distance for about 60 RBCs per wall, we calculate thickness of the cell-free layer. The results are shown in Fig.8 with the error bar of the standard deviation. It is found that the hardened RBCs show considerably thinner cell-free layer compared to the healthy RBCs. If RBCs are hardened, the asymmetry in trajectories is no longer enhanced by the deformation of RBCs. Thus, hardened RBCs initially flowing near the wall can stay near the wall even after flowing through the stenosis. We can conclude, therefore, that the deformability of RBCs plays an important role in the blood flow through the stenosis.
DISCUSSIONS
The present results indicate that the deformability of RBCs enhance the displacement perpendicular to the wall when they flow through a stenosis. This displacement is induced by the interaction between RBCs and the stenosed wall. Though it is a different problem, the similar tendency has been recognized widely for the interaction of two particles in a shear flow. If one puts two rigid spheres in a simple shear flow, they interact hydrodynamically. The trajectories of two spheres, however, are symmetric before and after the interaction, as derived by Batchelor and Green (1972) . In contrast, if the particles are deformable, such as droplets and capsules, the trajectories become asymmetric. The displacement perpendicular to the flow, before and after the interaction, has been investigated numerically (Lac et al., 2007, for instance) . The results showed that the deformability was the key factor for the asymmetry in the trajectories. The mechanism of the asymmetry in trajectories can be explained by the asymmetry in the deformation before and after the near-contact. In the present study, the trajectories of healthy RBCs are much more asymmetric than those of hardened RBCs. Our results support those former studies, though the problem discussed here is the interactions between a deformable particle and a solid wall, instead of two deformable particles.
As mentioned in Introduction, Faivre et al. (2006) also investigated blood flow through a micro-channel with narrowing in order to develop a microfluidic device for separating RBCs and plasma. In their experiment, they observed that the thickness of cell-free layer increases as Hct is increased. This tendency is the opposite from our results. We think that the difference in tendency may be caused by the difference in hematocrit used in two studies; Faivre et al. used a dilute blood (Hct = 3%), whereas we used more concentrated blood (Hct = 10, 20%). In a high Hct blood, the hydrodynamic interactions between RBCs are important, and the behavior of individual RBCs becomes different from that in a low Hct blood. We think that RBCs tends to be pushed away from the concentrated core region when Hct is high, which tends to reduce the thickness of the cell-free layer.
Even in microcirculations in vivo, Peclet number for mass transport of large molecules and platelets becomes larger than unity (Ahuja et al., 1978) . Thus, the mass transport is not only governed by the Brownian diffusion but also by the micron-scale flow field generated by interactions of RBCs. The present results suggest that RBCs tend to flow away from the wall after the stenosis, which may affect mass transport of large molecules and platelets around the stenosis. Since the mixing near the wall is enhanced by the micron-scale flow field generated by RBCs, the cell-free layer may suppress mass transport. This means that the effective diffusion coefficient for large molecules and platelets may vary spatially around the stenosis. This kind of local change in mass transport condition in microcirculation has not been clarified so far. We think that the present results give fundamental knowledge for better understanding blood flow and mass transport in microcirculations.
CONCLUSIONS
In this study, we investigated the behaviour of RBCs in a micro-channel with stenosis by using the confocal micro-PIV system. We could successfully measure individual trajectories of RBCs around the stenosis up to 20% Hct. The results show that the trajectories of healthy RBCs become asymmetric before and after the stenosis, though trajectories of tracer particles in pure water are almost symmetric. The asymmetry is larger in the 10% Hct case than in the 20% Hct case. We also investigated the effect of deformability of RBCs on the trajectories by hardening RBCs by glutaraldehyde treatment. The results indicate that the deformability is the key factor in the asymmetry of the trajectories and the thickness of the cell-free layer. We think that the present results give fundamental knowledge for better understanding blood flow in microcirculations.
